The antiangiogenic function of the tissue inhibitors of metalloproteinases (TIMPs) has been attributed to their matrix metalloproteinase inhibitory activity. Here we demonstrate that TIMP-1 but not Ala؉TIMP-1 inhibits both basal and vascular endothelial growth factor (VEGF)-stimulated migration of human microvascular endothelial cells ( 
INTRODUCTION
Angiogenesis is an invasive process that requires proteolysis and remodeling of the extracellular matrix, proliferation and migration of endothelial cells, as well as the synthesis of new matrix components (1) (2) (3) . The regulated proteolysis of extracellular matrix required for endothelial cell proliferation, migration and invasion is principally mediated by the activity of members of the matrix metalloproteinase (MMPs) family. MMPs are a family of zinc-dependent endopeptidases that can collectively degrade all components of extracellular matrix, and their requirement during angiogenesis has been demonstrated in MMP-deficient mice (4 -6) . Several distinct classes of proteins have been found to inhibit MMP activity and thereby modulate the angiogenic process. These include the tissue inhibitors of metalloproteinases (TIMPs) as well as a new class of membrane protease inhibitors represented by the reversion-inducing-cysteinerich protein with Kazal motifs or RECK (7, 8) .
The TIMPs are well-studied inhibitors of MMPs and consist of a family of four structurally related proteins (TIMP-1-4), with core proteins of ϳ21 kDa (9, 10) . TIMPs inhibit MMP activity by a common mechanism involving interaction of the amino-terminal cysteine residue with the zinc atom at the MMP active site (11) . The TIMPs inhibit MMP activity associated with tumor invasion and angiogenesis, and these observations led to the development of synthetic MMP inhibitors for potential therapeutic application in cancer (12, 13) . In addition to their MMP-inhibitory activity, it is now widely appreciated that TIMPs have direct effects on cellular behaviors such as cell growth, apoptosis, migration, and differentiation (10, 12) . TIMP-1, -2, and -3 have all been shown to inhibit angiogenesis. The ability of TIMP-4 to inhibit angiogenesis in vivo has not been demonstrated. TIMPs 1-3 inhibit angiogenesis via mechanisms that may involve both inhibition of MMP activity and MMP-independent actions.
TIMP-1 inhibits endothelial cell migration but not proliferation via a mechanism that involves direct inhibition of MMP activity and can be mimicked by synthetic MMP inhibitors (14, 15) . In support of these findings, a recent report demonstrates that TIMP-1-blocking antibody enhances endothelial cell migration in vitro and angiogenesis in vivo (16) . TIMP-3 inhibits capillary morphogenesis in vivo and endothelial cell migration in vitro, both effects reportedly mediated by inhibition of MMP activity. However, TIMP-3 has been shown recently to function as an antagonist for the vascular endothelial growth factor receptor (VEGFR)-2, inhibiting vascular endothelial growth factor (VEGF)-A binding to this receptor (17, 18) . It has also been reported that TIMP-2 inhibits cell migration after TIMP-2 transfection of human microvascular endothelial cells (hMVECs; ref. 19) . TIMP-2 has been reported to inhibit cell migration through inhibition of MMP activity, specifically MT1-MMP inhibition (19, 20) . However, many of these reports involve forced expression of TIMP-2 and, as a result, have not examined the kinetics of this effect. Interestingly, recent reports also suggest that the effects of TIMP-2 on cell migration may be more complex. TIMP-2 has also been reported to stimulate cell migration and accelerate wound closure (21) . Several reports have demonstrated that TIMP-2 can directly inhibit the proliferation of endothelial cells in response to angiogenic stimuli such as fibroblast growth factor 2 or VEGF-A (22, 23) ; this effect is independent of MMP inhibitory activity and is not observed with other members of the TIMP family or synthetic MMP inhibitors. We have demonstrated recently that the growth-inhibitory activity of TIMP-2 for hMVECs is mediated through binding to ␣3␤1 integrin and induction of protein tyrosine phosphatase activity (23) . This orthovanadate-sensitive mechanism appears to be the principal mechanism of TIMP-2 inhibition of angiogenesis in vivo and suggests that TIMP-2 is a unique member of the TIMP family, not only through its ability to mediate the cellular activation of pro-MMP-2 by MT1-MMP but also in having a cell surface receptor that mediates direct growth inhibition (23) .
Takahashi et al. described recently a novel membrane-anchored MMP inhibitor, RECK (7) . When HT1080 cells with forced-expression RECK were injected s.c. into nude mice, tumors arose but with reduced angiogenic responses, suggesting that RECK controls angiogenesis (8) . RECK serves as a crucial regulator of MMP activity at the cell surface, as demonstrated by examination of RECK homozygousnull mouse embryos (8) . In contrast to the embryonic lethal phenotype of null RECK animals, the ablation of the TIMP-1-3 genes reportedly has little effect on embryonic development, but the effects of these gene knockout experiments on chronic disease processes in adult animals have not been investigated (10) . That the effects of TIMP gene ablation may be subtle but nevertheless important is suggested by recent studies of TIMP-3 knockout animals, which show decreased alveolar branching morphogenesis, increased pulmonary air space development, and enhanced apoptosis of mammary epithelial cells in response to lactational stimuli (24, 25) . The effects of TIMP-1, -2, and -4 gene deletion in adult animals or in animal models of chronic diseases, such as cancer, arthritis, or atherosclerosis, have not been examined. Previous reports from our laboratory and others have demonstrated a differential effect of TIMP-1 and TIMP-2 on endothelial cell proliferation that led to identification of an MMP-independent, ␣3␤1-mediated mechanism for these effects (22, 23) . In the present study, we examine the effects of TIMP-1 and TIMP-2 on basal and stimulated hMVEC migration. In these studies we have focused on the effects of TIMP-1 and -2 on quiescent hMVECs, with or without subsequent VEGF-stimulation. We again find differential effects of these two metalloproteinase inhibitors, and our results provide evidence of a novel mechanism involving TIMP-2 stimulation of RECK expression, which, in turn, functions to reduce endothelial cell migration.
MATERIALS AND METHODS

Cell Culture and Antibodies
hMVECs derived from lung (Clonetics, San Diego, CA) were grown in EGM-2 MV BulletKit medium containing 5% fetal bovine serum and growth factors (Clonetics). A2058 human melanoma cells (American Type Culture Collection, Rockville, MD) were cultured as described previously (26) . Retroviral transduction of TIMP-2 expression in A2058 human melanoma cells and characterization of effects on cell adhesion are as described previously (26) . TIMP-2, TIMP-1, and their mutant forms, AlaϩTIMP-2 and Alaϩ TIMP-1, were expressed in Escheria coli, purified, and characterized as described previously (27) . Signal transduction inhibitors were purchased from commercial sources. Antibodies against Crk and RECK were purchased from BD Transduction Laboratories (San Diego, CA); antibodies against C3G, Rap1, and actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Cell Growth and Migration Assays
Growth Assays. hMVECs were grown in basal medium before treatment with TIMP-2, AlaϩTIMP-2, fibroblast growth factor 2, or VEGF-A. After treatment, cell numbers were quantified using Cell Titer 96 Aqueous One Solution reagent (Promega, Madison, WI) as described previously (23) . The results from triplicate determinations (mean Ϯ SD) are presented relative to unstimulated hMVECs.
Boyden Chamber Assays. Migration assays were performed as described (28) using hMVEC cells (1 ϫ 10 5 cells/well), Nucleopore polycarbonate PVP-free filters (10 m pore size, 25 ϫ 80 mm, Neuroprobe, Cabin John, MD) coated in a solution of fibronectin (10 g/mL in PBS) overnight. After assembly and introduction of cell to the upper compartment, the chambers were then incubated for 4 hours at 37°C. At the end of the incubation period, cells on the underside of the filters were quantified as described previously (28) .
Monolayer Wounding Assay. Cells were plated, grown to confluence, and a wound was introduced by scratching the confluent monolayer with a pipette tip (29) . Tissue culture medium was replaced to remove detached cells, and migration was observed with still images taken at the indicated times.
Detection of GTP-Bound Rap1
Detection of GTP-bound Rap1 was performed as described previously (30) , with slight modification. Cells were washed twice with ice-cold PBS. Lysates were clarified by centrifugation and supernatants were incubated with GSTRalGDS-RBD for 1 hour at 4°C. Beads were washed with lysis buffer and resuspended in SDS sample buffer. Proteins bound to the beads were separated by SDS-PAGE and analyzed by Western blotting with anti-Rap1 antibody.
Assay of Cell-Associated MMP Activity hMVECs, 2.5 ϫ 10 5 , were plated onto collagen I-coated 24-well plates and incubated with or without TIMP-2 (100 nmol/L) for 24 hours. When indicated, anti-RECK antibody (12 g/mL) was added to the medium and incubated for 30 minutes. The cells were then washed with PBS twice and assayed for cell-associated MMP activity in the mixture containing 50 mmol/L 4-morpholinepropanesulfonic acid (pH 7.0), 1 mmol/L 5,5ЈDithiobis(2-nitrobenzoic acid) (DTNB), 1 mmol/L CaCl 2 , 10 mol/L ZnCl 2 , and 500 mol/L Ac-ProLeu-Gly-(2-mercapto-4-methyl-pentanoyl)-Leu-Gly-Oet. After 1 hour of incubation, absorbance changes at 405 nm were measured.
Retroviral Infection of hMVECs
Retroviral expression vectors pLXSN, containing cDNA for human Rap1 or its inactive mutant, Rap1(38N), were as described previously (31) . Retroviralcontaining culture media were harvested, passed through sterile 0.22-m membrane filter, and added directly onto hMVECs with 8 g/mL Polybrene (Sigma, St. Louis, MO). After 20 to 30 minutes of incubation in a CO 2 incubator, hMVEC recipient cells were refed with growth medium followed by selection in the presence of geneticin.
Immunoprecipitation and Western Blotting
After serum starvation for 24 hours and treatment with or without TIMP-2 or AlaϩTIMP-2 as indicated, hMVECs were rinsed twice with ice-cold PBS and harvested by scraping in 50 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 10% glycerol, 1% NP40, 1 mmol/L EDTA, 100 g/mL 4-(2-aminoethyl)benzene-sulfonyl fluoride, 10 g/mL aprotinin, 1 g/mL pepstatin A, 0.5 g/mL leupeptin, 80 mmol/L ␤-glycerophosphate, 25 mmol/L NaF, and 1 mmol/L sodium orthovanadate. Equivalent amounts of protein (700 g) were incubated with anti-Crk antibody at 4°C for Ͼ6 hours, and immune complexes were then precipitated with Protein A/G PLUS-agarose. Immunoprecipitates were washed with the lysis solution, separated using SDS-PAGE, and analyzed by Western blotting as described previously (8) .
RESULTS
Differential Effects of TIMP-1 and TIMP-2 on hMVEC Migration. We examined the differential effects of TIMP-1 and TIMP-2 on migration of hMVECs using the monolayer wounding assay (29) . VEGF-A stimulation of hMVECs results in an ϳ60% increase in endothelial cell migration over that observed in untreated cells (Fig.  1A ). The addition of recombinant human TIMP-1 or TIMP-2 before stimulation with VEGF-A results in suppression of hMVEC migration to levels observed in nonstimulated hMVECs. However, the effects of NH 2 terminally substituted TIMPs, which lack MMP inhibitory activity (27) , reveal that AlaϩTIMP-2 but not AlaϩTIMP-1 retains suppressive activity for VEGF-stimulated endothelial cell migration. These differential effects of AlaϩTIMP-1 and AlaϩTIMP-2 on hMVEC migration suggest that TIMP-1 inhibition of hMVEC migration in response to VEGF-A is mediated directly by MMP inhibition. In contrast, the observation that both TIMP-2 and AlaϩTIMP-2 are equipotent in inhibiting VEGF-A-stimulated hMVEC migration suggests that the mechanism of this effect is, at least in part, independent of MMP inhibition. The observation that both TIMP-2 and Alaϩ TIMP-2 inhibit VEGF-A-simulated hMVEC migration is consistent with our previous report demonstrating that both TIMP-2 and AlaϩTIMP-2 but not TIMP-1 can block VEGF-A signaling by dephosphorylation/inactivation of VEGFR-2 (23).
We also examined the effects of TIMP-1 and TIMP-2 on the spontaneous or basal migration (non-VEGF-A-stimulated migration) of hMVECs. As shown in Fig. 1A , hMVECs migrate in the absence of VEGF-A, and this spontaneous migration constitutes ϳ60% of the maximal VEGF-A-stimulated migration observed in these assays. Treatment with TIMP-1 reduced the basal migration of hMVECs in this assay by ϳ60% (Fig. 1B) . This TIMP-1 inhibition is also dependent on MMP inhibitory activity, because AlaϩTIMP-1 failed to inhibit migration (either VEGF-A-stimulated or spontaneous; Fig. 1B ). In contrast, TIMP-2 only slightly inhibited hMVEC migration in the absence of VEGF-A stimulation. These differential effects of TIMP-1 and TIMP-2 on non-stimulated hMVEC migration were confirmed in Boyden chamber assays (Fig. 1C) .
To additionally examine the effect of TIMP-2 on endothelial cell basal migration we preincubated hMVECs with TIMP-2 for 12 to 24 hours before initiating the migration assays. In contrast to the marginal effect on hMVEC migration after the immediate addition of TIMP-2, preincubation with TIMP-2 for 12 to 24 hours results in a significant (ϳ50%) inhibition of basal hMVEC migration ( Fig. 2A) . A similar effect was observed using AlaϩTIMP-2, suggesting that this effect is also independent of TIMP-2 inhibition of MMP activity. In contrast, similar experiments using TIMP-1 demonstrate that the ability of this inhibitor to block spontaneous migration of hMVECs is the same after 12 or 24 hours preincubation as that observed immediately after TIMP-1 addition at zero time (Fig. 2B) . These findings clearly suggest that TIMP-1 and TIMP-2 inhibit spontaneous hMVEC migration via distinct mechanisms.
To investigate the mechanism of this delayed TIMP-2 inhibition of hMVEC migration we examined the effect of TIMP-2 and AlaϩTIMP-2 on cell-associated MMP activity critical for cell migration. hMVECs were untreated or incubated with TIMP-2 for 24 hours and then washed with PBS before assaying for MMP activity. The results show that both TIMP-2 and AlaϩTIMP-2 treatments result in a decrease in cell-associated MMP activity (Fig. 2C ). These findings demonstrate that the apparent increase in cell-associated MMP inhibitory activity after TIMP-2 treatment is not simply the result of enhanced TIMP-2 cell surface association. The findings that both TIMP-2 and AlaϩTIMP-2 can reduce cell-associated MMP activity suggest that these effects are not mediated by TIMP-2 inhibition of MMP activity. Furthermore, TIMP-2 (or AlaϩTIMP-2) did not suppress the basal growth of hMVECs (non-VEGF-A-stimulated; Fig.  2D ) demonstrating that the delayed inhibitory effect of TIMP-2 on basal hMVEC migration is not a result of cytotoxicity as this growth assay used in dependent on cell viability. These findings suggest that although TIMP-2 suppresses the mitogenic response of hMVECs to angiogenic stimuli (21), it does not alter the growth or viability of quiescent endothelial cell cultures. This finding shows that the ability of TIMP-2 to suppress mitogenic signaling in response to growth factors such as VEGF-A or fibroblast growth factor-2 (21) does not account for TIMP-2 inhibition of hMVEC migration under nonstimulated conditions (spontaneous migration).
TIMP-2 Induces RECK Expression. To determine the effect of TIMP-2 on cell-associated MMP activity we examined the expression of RECK, a novel cell membrane-associated protease inhibitor. hMVECs were serum starved for 24 hours; treated with recombinant human TIMP-2, AlaϩTIMP-2, or TIMP-1; and analyzed for RECK expression. Northern and Western blot analyses showed that hMVECs have basal levels of RECK expression that are increased Ͼ2.8 -3-fold by TIMP-2 or AlaϩTIMP-2 treatment (Fig. 3A and B) . In contrast, TIMP-1 treatment did not significantly alter RECK expression (Fig.  3A) . Time course analysis reveals that the increase in the levels of RECK mRNA and protein reaches their maxima at 4 and 24 hours, respectively, after TIMP-2 treatment (Fig. 3B) . The results obtained with AlaϩTIMP-2 demonstrate that the MMP-inhibitory activity of TIMP-2 is not required for induction of RECK.
To investigate the molecular mechanism underlying TIMP-2 induction of RECK expression we used two experimental approaches. First, we sought to determine whether the mechanism of TIMP-2 or AlaϩTIMP-2-mediated increase in RECK expression involved the previously described TIMP-2 receptor ␣3␤1. To this end we examined the effect of TIMP-2 on RECK expression in ␤1-null murine embryo fibroblasts (MEFs). Although ␤1-null MEFs (GD25 cells) have higher basal levels of RECK expression, implying that endogenous ␤1 integrins may suppress basal RECK expression, it is apparent that incubation with TIMP-2 (100 nmol/L) does not up-regulate RECK expression in these cells (Fig. 3C) . Furthermore, reconstituted ␤1 expression in these cells (GD25-␤1A) results in down-regulation of basal RECK levels and restores TIMP-2 induction of enhanced RECK expression (Fig. 3C) . These findings are consistent with our previous report demonstrating that ␣3␤1 functions as a cell surface receptor for TIMP-2 and is required for multiple cellular effects of TIMP-2, including suppression of cell growth and, as shown in the current report, enhanced expression of RECK.
In a second approach we pretreated hMVECs with inhibitors of various signaling pathways before TIMP-2 stimulation and analyzed their effects by northern blotting. Pretreatment of hMVECs with actinomycin D (5 g/mL), a RNA synthesis inhibitor, abrogated the increase in mRNA levels of RECK, suggesting that TIMP-2 stimulates RECK expression via transcriptional activation (Fig. 3D) . Inhibitors of MEK (PD98059, 50 mol/L), phosphatidylinositol 3Ј-kinase(LY294002, 10 mol/L), adenylate cyclase (SQ22536, 100 mol/L), or protein kinase C (calphostin C, 0.5 mol/L) showed no significant effects on TIMP-2 enhancement of RECK expression (Fig. 3D) . However, orthovanadate (1 mol/L), a protein tyrosine phosphatase inhibitor, considerably impairs TIMP-2-mediated increase in RECK mRNA expression. It is interesting to note that TIMP-2-mediated inhibition of hMVEC growth in vitro, suppression of angiogenesis in vivo (23) , and the increase in RECK expression observed in the present report are all independent of MMP-inhibitory activity and sensitive to orthovanadate. This suggest that, like TIMP-2-mediated suppression of hMVEC proliferation and angiogenesis, TIMP-2 induction of RECK is mediated at some level by protein tyrosine phosphatase activity. A and B. hMVECs were preincubated with 100 nmol/L TIMP-2 (A) or 25 nmol/L TIMP-1 (B) for indicated times, and the monolayer wounding assay was performed. Relative migration was determined as above using untreated hMVECs (Ⅺ) as control. C. hMVECs were untreated or incubated with 100 nmol/L TIMP-2 or AlaϩTIMP-2 for 24 hours, and total cell-associated MMP activity was measured as described previously (28) . D. hMVECs were serum starved to allow synchronization and incubated with indicated factors for 24 hours. Proliferation of viable cells was determined as describedpreviously (20) . The data are presented as the average of six determinations; bars,ϮSD. ‫‪P‬ءء‬ Ͻ 0.01 compared with untreated cells.
TIMP-2-MEDIATED EFFECTS ON ENDOTHELIAL CELL MIGRATION
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on April 14, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from Rap1 Mediates TIMP-2 Induction of RECK Expression. Rap1 is known to induce inside-out signaling across integrin receptors resulting in enhanced cell attachment, which can limit cell migration (32) . Interestingly, both Rap1 and RECK genes were isolated by the same expression cloning strategy designed to identify genes that suppress cell transformation by K-ras (7, 33) . Like other Ras family small GTPases, activation of Rap1 can be regulated by specific guanine nucleotide exchange factors and GTPase activating proteins (34) . C3G, identified as a Crk SH3 domain-binding protein, has been shown to exhibit Rap1 guanine nucleotide exchange factor activity (35, 36) . We examined the relationship between the TIMP-2-stimulated increased RECK expression and the Rap1 signaling pathway.
To determine whether TIMP-2 modulates this established activation pathway for Rap1, we treated hMVECs with recombinant TIMP-2, immunoprecipitated cell lysates with anti-Crk antibody, and analyzed by Western blotting. As shown in Fig. 4A (top) , Crk associates with C3G in the control cells, and TIMP-2 enhances this interaction ϳ2-fold. Interestingly, orthovanadate pretreatment, before TIMP-2 stimulation, reverses TIMP-2 effects, reducing Crk-C3G interaction to basal levels. The Western blot profile of Crk pull-down experiments shows that Rap1 binding to Crk parallels that of C3G (Fig. 4A, top) , suggesting that Rap1 is activated in response to TIMP-2 treatment. Furthermore, the levels of GTP-bound Rap1 (activated Rap1) after TIMP-2 treatment exactly parallels the observed increase in Rap1 complexed with C3G and Crk. Pull-down assay using GSTRalGDS-RBD demonstrated basal levels of Rap1 in the GTP-bound form present in control (untreated) hMVECs and that TIMP-2 treatment results in a ϳ40% increase activated Rap1 (GTP-Rap1; Fig. 4A , bottom). Again, orthovanadate pretreatment ablates TIMP-2 induced Rap1 activation (Fig. 4A, bottom) , which is consistent with our previous findings (Fig. 3D ).
Our findings suggest that TIMP-2 stimulates increased RECK expression via a mechanism involving Rap1. To confirm these findings, we established hMVEC lines stably expressing human Rap1 or its inactive mutant, Rap1(38N; ref. 31 ) by retroviral infection. We then determine the RECK protein levels with or without TIMP-2 treatment in these infectant hMVECs. Western blot analysis shows that RECK levels are induced ϳ3-fold in the TIMP-2-treated control hMVECs (Fig. 4B) . Forced expression of Rap1 induced an ϳ3-fold increase in RECK expression in hMVECs, which is unaffected by TIMP-2 treatment (Fig. 4B) . In contrast, the expression of Rap1(38N) completely blocks the ability of TIMP-2 to enhance RECK expression. Our finding clearly supports the role of Rap1 as an effector protein in TIMP-2 induction of RECK expression. It is interesting to note that RECK gene expression is reportedly down-regulated by several oncogenes, including Ras (7), but is found up-regulated by Rap1 in this study. This observation may be another example of the antagonizing effects of Ras and Rap1 (34) .
Rap1-Mediated Increase in RECK Inhibits hMVEC Migration. It was reported that the deficiency in C3G, an activator of Rap1, inhibits the activation of Rap1 on cell attachment and increases cell motility (37) . To evaluate how the TIMP-2-induced Rap1 affects endothelial cell migration, the parental hMVECs and Rap1 infectant cells were tested for the ability to migrate using the monolayer wounding assay. As shown in Fig. 4C , cell migration of hMVECRap1 cells is reduced by ϳ50%, whereas hMVEC-Rap1(38N) cells display ϳ20% enhanced ability to migrate in the monolayer wounding assay compared with the parental cells. These findings suggest that TIMP-2 activation of Rap1 leads to enhancement of RECK expression that results in a reduction in endothelial cell migration.
To confirm that the reduction in hMVEC migration is due to TIMP-2-mediated increase in RECK expression and not activation of Rap1 alone, we examined the effects of TIMP-2 in RECKϩ/Ϫ and RECKϪ/Ϫ MEFs. Interestingly, TIMP-2 increased the levels of active (GTP bound) Rap1 in both RECKϩ/Ϫ and RECKϪ/Ϫ MEFs (data not shown). However, despite this TIMP-2-mediated increase of Rap1 activation in RECKϪ/Ϫ MEFs, TIMP-2 fails to inhibit migration of these cells under conditions in which there is a ϳ50% reduction in RECKϩ/Ϫ MEF migration (Fig. 4D) . These findings confirm that TIMP-2 reduction of cell migration requires enhancement of RECK expression and that activation of Rap1 itself is not sufficient to inhibit endothelial cell migration.
TIMP-2 Suppression of hMVEC Migration Requires MMPInhibitory Activity of RECK. RECK has been characterized as a membrane-bound inhibitor of MMPs (8) . We sought to determine whether the MMP-inhibitory activity of RECK is required for suppression of hMVEC migration. The total cell-associated MMP activities of control and TIMP-2-treated hMVECs were assayed as described in Fig. 2C , both in the presence and absence of anti-RECK antibodies. The TIMP-2-mediated increase in RECK expression is associated with an ϳ40% reduction in total MMP activity as shown in Fig. 5A . Treatment with anti-RECK antibody, specifically directed against the Kazal motifs (7), significantly increased MMP activity in both control and TIMP-2-treated hMVECs. It should be noted that hMVEC cultures have low endogenous expression of both TIMP-2 and RECK and that blocking endogenous RECK also results in enhancement of cell-associated MMP activity. We then used this antibody to examine RECK-mediated inhibition of MMP activity in hMVEC migration. TIMP-2-transduced hMVECs show a reduction in cell migration similar to that demonstrated previously in cells treated with exogenous recombinant TIMP-2 for 12 to 24 hours (Fig. 5B) . However, inclusion of anti-RECK antibodies in this assay results in complete normalization of migration of TIMP-2-transduced hMVECs. This finding suggests that the effects of TIMP-2-mediated increase in RECK expression on hMVEC migration require the MMP-inhibitory activity of RECK.
To determine whether these effects of TIMP-2 are endothelial cell-specific we also examined the effects of TIMP-2 on the expression of RECK and migration of the human melanoma cell line A2058. (A2058-T21 cells) , there is a significant increase in RECK expression that is detectable at both the protein and mRNA levels (Fig. 5C ). In addition, there is ϳ3-fold increase in detectable levels of Rap1 activation. Like hMVECs, addition of purified recombinant TIMP-2 did not immediately alter the ability of A2058 cells to migration (Fig. 5D) . However, stable A2058-T21 cells show Ͼ50% reduction in cell migration (Fig. 5D) , which is not additionally reduced by addition of exogenous TIMP-2. The reduced cell migration observed in A2058-T21 cells could also be reversed by inclusion of anti-RECK antibodies as demonstrated for hMVECs (data not shown). These observations suggest that TIMP-2-mediated induction of RECK expression and subsequent inhibition of cell migration are not endothelial cell-specific.
DISCUSSION
The results of the present study additionally highlight the differences between members of the TIMP family, in particular TIMP-1 and TIMP-2. Studies have demonstrated that via their MMP-inhibitory activity TIMPs can negatively influence cell migration. However, in the present study we have focused on the effects of elevated TIMP levels before angiogenic factor stimulation of cell migration. The ability of TIMP-1 to inhibit endothelial cell migration, VEGF-Astimulated or nonstimulated, appears entirely dependent on the ability to inhibit MMP activity, as evidenced by the lack of effect of AlaϩTIMP-1 in these assays. Furthermore, the synthetic, broad spectrum MMP inhibitor BB-94 mimics the effect of TIMP-1. In contrast, the effects of TIMP-2 on endothelial cell migration are identical to that of AlaϩTIMP-2 in that both inhibit the VEGF-A-stimulated migration of hMVECs but have no immediate effect on cell migration under non-VEGF-stimulated conditions. We have demonstrated previously that TIMP-2 suppresses angiogenic factor receptor signaling and prevents VEGFR-2 activation (21) . In the present study we demonstrate that TIMP-2 and AlaϩTIMP-2 inhibit VEGF-stimulated migration of hMVECs. Because VEGF-stimulated migration also Fig. 5 . TIMP-2 reduces cell migration via MMP-inhibitory activity of RECK. A. hMVECs were untreated or 100 nmol/L TIMP-2-treated for 20 hours, and total cell associated MMP activity was measured in the absence (Ⅺ) or presence (f) of anti-RECK antibody (12 g/mL) as described previously (27) . B. Monolayer wounding assay was performed using TIMP-2 transduced hMVECs (hMVEC-T2) preincubated with or without anti-RECK antibody for 30 minutes. Relative migration was determined using mock-transduced hMVECs (Ⅺ) as controls. C. Parental A2058 cells and TIMP-2 transduced A2058 (A2058-T21) were harvested and analyzed for RECK expression by Western (top) and Northern blotting (middle). Levels of total and GTP-bound Rap1 were also examined, and fold increase in the ratio of GTP-Rap1 to total Rap1 is denoted. requires VEGF-receptor activation we propose that TIMP-2 and AlaϩTIMP-2 suppression of hMVEC migration is mediated by a similar signaling mechanism (21) .
We have focused on the effect of TIMP-2 and AlaϩTIMP-2 on the basal migration of hMVECs. Additional analysis demonstrates that preincubation of endothelial cells with TIMP-2 for 12 to 24 hours results in significant down-regulation of endothelial cell migration. This delayed inhibitory effect on cell migration is accompanied by a decrease in cell-associated MMP activity that could be induced by both TIMP-2 and AlaϩTIMP-2. Because AlaϩTIMP-2 has no intrinsic MMP-inhibitory activity (27) , these findings suggested to us that TIMP-2 treatment of quiescent hMVECs may induce expression of an endogenous cell surface MMP inhibitor. Additional investigation demonstrates that TIMP-2 promotes enhanced expression of the metalloproteinase regulator RECK (Fig. 3) , which accounts for the decrease in cell-associated MMP activity. The TIMP-2-mediated increase in RECK expression is independent of MMP-inhibitory activity (observed with both TIMP-2 and AlaϩTIMP-2 treatment) and is also sensitive to orthovanadate inhibition. These characteristics are shared with the TIMP-2 inhibition of hMVEC proliferation. Similarly, ␤1-null MEFs fail to enhance RECK expression in response to TIMP-2 treatment, demonstrating the requirement of ␤1 integrins in mediating this effect. These findings show that TIMP-2 interaction with its receptor, ␣3␤1, in the absence of VEGF stimulation, leads to enhanced expression of the cell-surface MMP-inhibitor RECK. These findings suggest that in addition to proximal inhibition of VEGFR signaling (23), TIMP-2 interaction with ␣3␤1 also results in downstream signaling that results in enhanced RECK expression.
TIMP-2 promotes the association of Crk and C3G, as well as subsequent Rap1 activation, i.e., increase in Rap1-GTP. Activation of Rap1 leads to the induction of RECK gene expression. The requirement for Rap1 is demonstrated by loss of enhanced RECK expression after TIMP-2 treatment of cells with mutant Rap1-38N (Fig. 4B) . Furthermore, activation of Rap1 without a concomitant increase in RECK is not sufficient to inhibit hMVEC migration, as demonstrated using RECK-deficient MEFs (Fig. 4D) .
The presumptive pathway for the TIMP-2 signaling, TIMP-2-Crk-C3G-Rap1-RECK, is also supported by the previous reports that C3G, Rap1, and RECK all suppress the transformed phenotype of Ki-ras-NIH3T3 cells (7, 33, 35) . Thus, our study supports the functional significance of TIMP-2-initiated signaling pathways that are independent of MMP-inhibitor activity. Furthermore, our findings suggest that TIMP-2 can regulate MMP activity indirectly via RECK, as well as through direct interaction with MMP active sites. Additional study is required to identify the downstream targets of Rap1, the protein tyrosine phosphatase(s) involved in the RECK induction, and also to address how the TIMP-2 signal generated via interaction with ␣3␤1 is transduced to Crk.
It has been demonstrated that Crk, an adaptor protein containing both SH2 and SH3 domains, mediates various signaling pathways through its SH3 binding partners, such as C3G and DOCK180 (36, 38) . Recent studies showed that the signaling pathway involving the interaction of Crk with DOCK180 promotes cell migration and invasion via activation of Rac (39, 40) . In this study, we showed that TIMP-2 signaling reduces cell migration through Crk-C3G pathway involving activation of Rap1. We could not detect any complex formation of Crk with DOCK180 in human microvascular endothelial cells (data not shown). Thus, it is interesting to note that cells may make completely opposing migratory responses depending on the SH3 binding partner (i.e., C3G versus DOCK180).
Cell migration requires membrane extension, assembly of extracellular matrix-cell contacts at the leading cell edge, destabilization of those in the rear of the cell, and increased locomotive forces (41).
MMP activity, specifically MT1-MMP, has been implicated in mediating cell migration (42, 43) . However, details of this mechanism remain unclear. In this study, we show that endothelial cell migration is MMP-dependent in that neutralizing anti-RECK antibody enhances cell-associated MMP activity in hMVEC-T2 cells and promotes cell migration. Collectively these results support the conclusion that RECK inhibits cell migration through suppression of MMP activity. However, clarification of this mechanism awaits identification of the MMP-inhibitory domain of RECK and preparation of RECK mutants devoid of MMP-inhibitor activity.
The differential effects of TIMP-1 and TIMP-2 on basal endothelial cell migration present an interesting but not unique phenomenon. As reported by several laboratories TIMP-1, TIMP-2, and TIMP-3 are known to differentially alter cell migration and proliferation in a variety of cell types. TIMP-2 selectively inhibits hMVEC proliferation, an effect that is not observed with TIMP-1 (23). TIMP-3 but not TIMP-1 or TIMP-2 antagonizes VEGF-A binding to its receptor, VEGFR-2, and reportedly mediates induction of cell death (10, 18) . TIMP-1 but not TIMP-2 or TIMP-3 reportedly protects against induction of programmed cell death in Burkitt's lymphoma and human breast cancer cells (10, 44, 45) . These findings suggest that members of the TIMP family each have unique biological functions and/or that members of the TIMP family have unique protease inhibitory profiles.
The selective ability of TIMP-2 to induce RECK expression represents a novel biological activity of TIMP-2 compared with TIMP-1. Our data suggest that the TIMP-2 inhibition of hMVEC migration is more complex than reported previously and involves three possible mechanisms. First, it is well-appreciated that TIMP-2 inhibits endothelial cell migration and invasion by direct inhibition of MMP activities involved in this process (8, 10, (12) (13) (14) (15) (16) (17) . VEGF stimulation of hMVEC results in significant induction of a variety of protease activities, including several members of the MMP family that are sensitive to inhibition by TIMP-2, as well as other members of the TIMP family. However, if quiescent endothelial cells are treated with TIMP-2 before VEGF stimulation, as in the present report, the effects of TIMP-2 are mediated through binding to ␣3␤1 resulting in orthovanadate-sensitive, proximal inhibition of VEGF-receptor activation. This second mechanism for TIMP-2 inhibition of hMVEC migration is identical to that reported previously for TIMP-2 inhibition of VEGF-stimulated hMVEC proliferation (21) . The present report describes a third mechanism for TIMP-2 inhibition of hMVEC migration that is independent of VEGF-stimulation or direct inhibition of MMP activity by TIMP-2 but involves an indirect MMP-inhibitor effect that requires transcription, synthesis, and cell surface localization of the RECK gene product. These antiangiogenic effects, as well as the high level of TIMP-2 expression observed in quiescent endothelial cells of mature capillaries, are also consistent with the proposal that TIMP-2 functions to maintain endothelial cells in a quiescent state and maintain vascular homeostasis. Delineation of TIMP-2 signaling pathways provides important insights into the mechanism underlying its antiangiogenic functions and may facilitate the design of effective approaches for disruption of tumor angiogenesis.
